INTRODUCTION 1. UVOD
Renewable energy is of growing importance in satisfying environmental concerns over fossil fuel usage. Wood and other forms of biomass, including energy crops and agricultural and forestry wastes, are some of the main renewable energy resources available. This growing interest also resulted in intensive research of thermal conversion techniques for biomass, consisting of combustion, gasification and pyrolysis (Bridgwater, 2003; Janseet al., 2000) . Pyrolysis is an attractive technology for converting biomass into gases, liquids (bio-oil), and char at relatively low temperature ranging between 300 and 600 °C in the absence of oxygen (Murata et al., 2012; Bu et al., 2011) .
Bio-oil is referred to by many names such as pyrolysis oil, bio-crude-oil, bio-fuel-oil, wood liquids, wood oil, liquid smoke, wood distillates, pyroligneous tar, and pyroligneous acid. The bio-oil is usually dark brown and free fl owing with a distinctive smoky smell. Bio-oil is a mixture of about 200 types of major and minor organic compounds and can be used for the production of chemicals and substituted for fuel-oils in many stationary applications for heat or electricity generation. The gas products can be used in engines and turbines for power generation. Bio-char can also be used as a fuel (Bridgwater, As a clean fuel, bio oil has a number of practical advantages including the following: -it is renewable and locally produced from organic waste, -it can be stored and transported similarly to petroleum-based products, -it is a neutral greenhouse gas and can generate carbon dioxide, -it generates lower NOx emissions than light fuel oil in gas turbines and diesel fuel in stationary diesel engines (Sadaka, 2009 ). Numerous researchers have investigated various pyrolysis processes that were developed to maximize the formation of liquid products used as fuels or chemical feedstock. Şensöz (2003) pyrolyzed pine bark (PinusbrutiaTen.) in an externally heated fi xed-bed reactor at 300 °C and 500 °C with heating rates of 7 and 40 °C/min. The product yields were signifi cantly infl uenced by the process conditions. The bio-oil was obtained at 450 °C, at which the liquid product yield was maximum. In addition, the solid and liquid products were analyzed to determine their elemental composition and calorifi c value. Chemical fractionation of biooil showed that only low quantities of hydrocarbons were present, while oxygenated and polar fractions dominated (Şensöz, 2003) . Ingram et al. (2008) have investigated pyrolysis of pinewood, pine bark, oak wood and oak bark in a continuous auger reactor. They found that the yield of bio-oil from pine was 40 to 55 % at 450 °C (Ingram et al., 2008) . Wangand co-workers produced bio-oil from pine wood sawdust at different temperature ranges and analyzed the fuel properties of bio-oil. They reported that the degradation of hemicellulose started at 200 to 300 °C, forming many sorts of liquid products, such as saccharide, furan, carboxylic acid, ketone and aldehyde, with the occurrence of dehydration, decarboxylation and decarbonylation, while cellulose remained unimpaired in its polymerized structure. Cellulose was substantially decomposed at 300 to 50 °C, leading to a great increase in the yields of liquid and gaseous products, and simultaneously the solid residue became aromatized, which was characteristic of a concentrated lignin structure. The residue was largely decomposed to numerous guaiacols and phenols at 450 to 700 °C (Wang et al., 2009) .
In this work, fi r wood sawdust (Abiesbornmülle-rianaMattf.) was pyrolyzed at various temperatures, using a fi xed bed type reactor. The aim of this study was to elucidate the effect of temperature during slow pyrolysis on yields of the bio-oil, gas and bio-char. The chemical properties of bio-oil were characterized by GC/MS, 1 H-NMR and elemental analysis. Also, the characterization of bio-char was performed in terms of its elemental composition and Fourier transform infrared spectroscopy (FT-IR).
MATERIAL AND METHODS

MATERIJAL I METODE
Materials and sample preparation 2.1. Materijali i priprema uzoraka
Fir wood (AbiesbornmüllerianaMattf.) was used in this study as the raw lignocellulosic biomass, which is one of the widespread and abundant species in the northwestern and Marmara regions of Turkey. Fir wood is an important commercial wood; it can be used for furniture and building materials, which produces large amounts of sawdust and wood residues every year. The raw sawdust sample supplied by the Department of Furniture and Decoration at Karabük University was ground and sieved to less than 1 mm, and it was then dried for 12 hours at 100 to 105 °C prior to use as a pyrolysis sample.
The proximate analysis was performed according to the ASTM standard test methods for measuring moisture contents, combustible matter and ash contents, and namely ASTM D 4442-92, ASTM E897-88 and ASTM D-1102-84, respectively. The chemical composition of feedstock was determined according to Wise and John, 1952, Rowell et al. 2005 and TAPPI standards (T-257, T-222, T-204). The ultimate analysis was conducted using an elemental analyzer (LECO CHNS-932). The oxygen content of the biomass was found by the difference. The H/C and O/C molar ratios were calculated from elemental composition. The HHV of the fi r wood sawdust was calculated based on Dulong formula (Wang et al., 2007) used as solvent to dilute the dehydrated liquid product to a concentration appropriate for analysis. Helium was used as carrier gas at constant flow of 1.2 mL. The GC oven temperature was programmed to start at 40 °C, held for 10 min, then raised at a rate of 2 °C to 170 °C, held for 5 min, then raised to 250 °C at a rate of 8 °C held for 15 min, then raised to 300 °C at a rate of 15 °C, and held at this fi nal temperature for 10 min. The injector temperature was 250 °C with split mode. The end of the column was directly introduced into the ion source of Agilent 5973 series mass selective detector operated with electron impact ionization mode. G1035A software with a NIST library was used as data acquisition system. The 1 H-NMR spectrum of the biooil was obtained at an H frequency of 300 MHz using a BrukerUltrashield instrument. The bio-oil sample was dissolved in CDCl 3 .
The bio-char was characterized by elemental analysis, using a LECO CHNS-932 Elemental Analyzer. Dulong formula was used to determine the HHV of the liquid and solid products (Wang et al., 2007) . Functional group chemical analysis of the bio-char was carried out using Fourier transform infrared (FT-IR) spectrometry (Nicolet iS10FT-IR spectrum instrument).
RESULTS AND DISCUSSION
REZULTATI I RASPRAVA
Characteristics of fi r wood sawdust
Obilježja jelove piljevine
The main characteristics of the biomass (fi r wood sawdust) are listed in Table 1 . The dry wood sample contained 0.36 % ash. Elemental analysis showed that it contained 46.99 % C, 6.37 % H, and 46.64 % O 2 (in mass percent, dry basis).
3.2 TGA analysis of fi r wood sawdust 3.2. TGA analiza jelove piljevine Thermogravimetric (TG) and derived thermogravimetric (DTG) curves of fi r wood sawdust are shown in Figure 2 . According to Figure 2 , the moisture was removed from the raw material up to 100 °C and the main decompositions of fi r wood started around 250 °C with a sharp incline to 600 °C. Wörmeyer et al., 2011 reported that the rapid weight loss between 200 and 600 °C is due to the breakup of inter-unit linkages kin Elmer Pyris 1). For the TGA experiment, approximately15 mg of sample was used with a 10 °C/min. heating rate. Nitrogen was used as the carrier gas, with a flow rate of 25 ml/min. After that, the sample was heated from 25 °C to 600 °C.
Pyrolysis 2.3. Piroliza
Pyrolysis experiments were performed in a fixedbed reactor under a nitrogen atmosphere. The reactor has a steel cylinder with an internal diameter of 6 cm and a height of 21 cm. A schematic diagram of pyrolysis apparatus is shown in Figure 1 . During the experiments, heating rate and pyrolysis temperatures were controlled with a PID (Proportional-Integral-Derivative) controller. The temperature was measured every minute in the reactor using a type K thermocouple. In the pyrolysis experiment, a sample of 50 g was weighed and placed into the reactor, which was heated by an electric furnace. The temperature was increased from room temperature to 350, 400, 450, 500, 550 and 600 °C, while the heating rates were increased 15 °C/min. Experimental apparatus was held at an adjusted temperature either for a minimum of 30 min or until no further signifi cant release of gas was observed. A condenser was connected to the output of the reactor and the liquid was condensed in a collector to be weighed. The bio-char collected in the reactor was weighed at the end of the experiment. The gas yield was calculated by taking the difference. Experiments were repeated at least three times within the experimental error of less than ±0.5 %. Pyrolysis of fi r wood sawdust was carried out in the temperature range of 350 to 600 °C at intervals of 15 °C, and each yield of pyrolytic products (bio-oil, gas and bio-char) is shown in Figure 3 . These experiments revealed that the quantitative composition of pyrolysis products was clearly affected by the temperature. At 350 °C, the solid product (bio-char) yield reached its highest value (38.8 %). Since increasing the pyrolysis temperature decreases char yield, the char yield decreased down to 26.5 % at 600 °C. The bio-oil yield was 39.9 % at the pyrolysis temperature of 350 °C.The yield of bio-oil was maximized at approximately 46 % at 500 °C, and at the fi nal temperature of 600 °C, the bio-oil yield was decreased to 44. 
Characterization of bio-oil 3.4. Karakterizacija bioulja
The bio-oil selected for the characterization was obtained at the pyrolysis conditions that gave the maximum bio-oil yield. The elemental composition, H/C and O/C molar ratio and HHV of bio-oil are listed in Table 2 .
As it shown in Table 2 , the oxygen content was lower in bio-oil than in raw material. Since the decrease in oxygen content of the bio-oil (31.23 %) compared to the original feedstock (46.64 %) is signifi cant, it can be used as the transport fuel. Furthermore, comparison of H/C ratios with conventional fuels indicates that H/C ratios of the bio-oil obtained in this study are less than those of light and heavy petroleum products. The higher heating value, calculated by Dulong formula, was 25.12 MJ/kg. The heating value of the bio-oil was higher than that of the raw material (16.65 MJ/kg). It can be seen that a signifi cant decrease in the oxygen content resulted in an increase in the heating value. Results were in accordance with the previous studies reported in literature (Pütünet al.,2005; Sheng and Azevedo, 2005) . Biomass pyrolysis vapors consist of volatile compounds and non-volatile oligomers. GC/MS was only able to determine the volatile organic compounds. In the research, the ion chromatogram was obtained from the pyrolysis of the fi r wood sawdust. A total of 32 major compounds were identifi ed as given in Table  3 . The GC/MS chromatogram of the bio-oil is illustrated in Figure 4 . The compounds identifi ed in bio-oil are also listed in Table 3 . As shown in Table 3 , the biooil was mainly composed of phenolics, including 2-methoxy-phenol, 2-methyl-phenol, 4-methyl-phenol, 4-ethyl-2-methoxy-phenol, 2-methoxy-4-vinylphenol, 2,6-dimethyl-phenol, 3-methyl-phenol,phenol and 2-methoxy-4-(2-propenyl)-phenol, 2-methoxy-4-(1-propenyl)-phenol, 2-methoxy-4-propenyl-phenol as well as aldeyhdes, acids, esters, alcohols and ketones. Phenols and methoxy group are generally considered as the pyrolysis products of lignin, while hemicelluloses can be decomposed to acetic acid andaldehydes such as furfural, and cellulose can be decomposed to ketones, aldehydes and furans (Özbayet Phenols derived from biomass pyrolysis oils are valuable chemicals and can be used as intermediates in the synthesis of pharmaceuticals, for the production of adhesives and the synthesis of specialty polymers, while furfural is a useful organic reagent for the production of medicines, resins, food additives, fuel additives and other special chemicals (Žilnik and Jazbinšek H-NMR spectrum of the bio-oil is given in Figure 5 . It can be seen that the bands between 6.5 and 9 ppm were assigned to aromatic structures. Resonances between 5 and 6.5 ppm indicate that the aromatic species were largely phenolic compounds. Aromatic ringjoining methylene protons were observed in the bio-oil and their characteristic peaks were in the resonances ranging between 3.3-4.5 ppm. The results showed that larger proportions of aliphatic structural units existed in the bio-oil from the pyrolysis of fi r wood. These fi ndings are consistent with the results of GC/MS analysis. Onay (2007) noticed that the bio-oils mainly contain aliphatic protons at carbon atoms bonded to other aliphatic carbon atoms (Onay, 2007) . The products found in the bio-oil correspond well to the literature data (Demiral and Ayan, 2011; Lu et al., 2010) .
Characterization of bio-char 3.5. Karakterizacija biougljena
Elemental composition and an HHV value of the bio-char are presented in Table 4 . As shown in Table 4 , the bio-char, obtained from pyrolysis of fi r wood sawdust, consisted of 77.28 % carbon and 18.81 % oxygen. It has an HHV of 28.35 MJ/kg. An H/C molar ratio of 0.60 and an O/C molar ratio of 0.18 were found. The elemental compositions of the bio-char were found to be better than that of the original feedstock since their carbon content was the highest. This carbon-rich product shows potential as an alternative solid fuel in the form of briquettes and pellets (Kim et al., 2011) . Figure 6 shows the FT-IR spectra of both raw material and bio-char. Changes in functional groups of 
CONCLUSIONS 4. ZAKLJUČAK
In this paper, the fi r wood sawdust was pyrolyzed to convert into bio-oil and bio-char using a fixed-bed reactor at different pyrolysis temperatures, and their chemical properties were characterized. The yields of pyrolytic products distribution, bio-oil, bio-char and gases, was significantly influenced by pyrolysis temperatures. The maximum bio-oil yield of 45.9 wt% was obtained at the fi nal pyrolysis temperature of 500 °C. The bio-oil derived from fi r wood sawdust consisted of about 32 major compounds, including phenols, organic acids, aldehydes, ketones and alcohols. The chemical properties have shown that the bio-oil obtained from fi r wood sawdust could be use as a feedstock, and that it was an ideal candidate for alternative fuels. Moreover, the biochar can be used as an energy source and active carbon. bio-char were determined when FT-IR spectra of biochar and raw material were compared. FT-IR spectrum of the bio-char was simplifi ed. In FT-IR spectrum of raw material, the O-H stretching vibration band observed between 3600 and 3200 1/cm, the C-H stretching vibration band observed between 2935 and 2885 1/ cm and the C=O stretching vibration band observed between 1740 and 1700 1/cm were not found in the bio-char obtained from the pyrolysis of fi r wood saw- 
